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ABSTRACT 
 
Full Name : Abdalghaffar Mohammad Abdalghaffar Osman 
Thesis Title : Mark-Space Differential Electrolytic Potentiometry Using Silver 
Electrodes Coated with Carbon Nanotubes in Titrimetry and Flow 
Injection Analysis 
Major Field : Chemistry 
Date of Degree : May, 2016 
 
In this work, silver metal wires have been successfully coated by carbon nanotubes (CNTs) 
using the chemical vapor deposition technique. The growth process of the CNTs was 
achieved by the thermal decomposition of acetylene gas in the presence of hydrogen gas 
and ferrocene as a catalyst. The process was optimized to obtain the optimum temperature, 
the acetylene and hydrogen flow rates and the time to produce both good quality of the 
CNTs and surface coverage of the silver wires. The produced electrodes were characterized 
by the scanning electron microscopy, transmission electron microscopy and Raman 
spectrometry. The CNTs grown were found to be of good quality and aligned to some 
extent. The Ag/CNTs have been used as an indicating system in the differential electrolytic 
potentiometry (DEP) techniques. DEP with polarization by a time bias square wave has 
been applied to different types of titrimetric reaction including acid–base, complexation, 
precipitation and oxidation – reduction reactions in aqueous solutions. The Ag/CNTs 
electrodes were found to be stable, sensitive and fast in response. They have been applied 
to determine ascorbic acid, cyanide and chloride and lead. Some titration methods have 
been validated and compared to the standard methods. The electrodes have also been used 
as a detector in the flow injection analysis system with polarization with both direct current 
xvii 
 
and mark–space biased square wave. They have shown good linearity and limit of 
detection. The flow injection method was optimized to find the optimum conditions of the 
current density/percentage bias, the flow rate and the concentration of the reagent. The 
polarization of the electrodes with the biased square wave were found to be more effective 
than the direct current polarization.         
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 ملخص الرسالة
 
 عبد الغفار محمد عبد الغفار عثمان : الاسم الكامل
عايرات كأنظمة كشف في الم استخدام الأقطاب الصلبة المغلفة بأنابيب الكربون النانوية : عنوان الرسالة
 باستخدام فرق الجهد التفاضلي منحاز الموجة المربعة وفي التحليل الحقني الإنسيابي
 كيمياء : التخصص
 6102مايو  : تاريخ الدرجة العلمية
 
. للأبخرة لكيميائياطريقة الترسيب استخدام ة ببطبقة من أنابيب الكربون النانويالفّضة  بانتغليف قضهذه الدراسة  تناولت
في قي داخل مفاعل أفتيلين سالأ عن طريق التكسير الحراري لغازهذه النانوية  نابيب الكربونأ عملية تحضير تتم ّ
ثر كل من درجة حرارة تمت دراسة أ .فاعلز للتّروسين كمصدر للعامل المحف  الفباستخدام و وجود غاز الهيدروجين
 يةنابيب كربونأ تكوين ، وذلك بغرضلتفاعلوالفترة الزمنية لستيلين والهيدروجين الألمفاعل، معدل تدفق كل من غازي ا
 لماسحلكتروني اتم استخدام المجهر الإ على سطح قضبان الفضة.ونسبة تغطية عالية من الجودة بدرجة عالية  نانوية
 ،ةعلى سطح قضبان الفض نتكو  لتشخيص الكربون الموذلك  النافذلكتروني المجهر الإضافة إلى إ ،ومطيافية رامان
 .على درجة عالية من الجودة اهوأن   متعددة الطبقات هانّ أالتشخيص بنتائج  حيث أظهرت
استخدام بالحجمية  اتالمعايرمختلف استشعار في  قطابأنابيب الكربون النانوية كأفة بالمغل   إستُخدمت قضبان الفضة
ذات  لمربعةباستخدام الموجة ا المتردد ارالتياب بواسطة قطالأهذه استقطاب ضلي التي تعتمد على تقنية فرق الجهد التفا
على زيادة الحساسية وسرعة استجابة  النسبة المئوية لانحياز الموجة المربعةر تمت دراسة أثحيث  ،الحيود الزمني
 تفاعلاتو القاعدةو الحمضتفاعلات  تكوين المعقدات، ،كسدة والاختزالالأ شتملت هذه المعايرات علىإ. الأقطاب
  تم تحديد نقطة النهاية للمعايرات المختلفة.، حيث الترسيب
 افة إلى ثباتيتهاض، إقطاب الفضة المغلفة بأنابيب الكربون النانويّةة عاليتين لأوسرعة استجابحساسية الدراسة ت وضحأ 
  لفترات طويلة.
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لتفاضلي تقنية فرق الجهد اباستخدام  نسيابيجهاز الحقن الإطاب كأنظمة كشف في قهذه الأتناولت الدراسة أيضا ًاستخدام 
ات باستخدام الموجة المربعة ذ المترددوالتيار  المباشر ارالتيكل من استقطاب هذه الأقطاب بواسطة التي تعتمد على 
عالية هذه ف. وأوضحت النتائج تركيز الكاشف ومعدل التدفقضافة إلى ، إتمت دراسة أثر كل منهما الحيود الزمني، حيث
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1 CHAPTER 1 
INTRODUCTION 
1.1 Differential Electrolytic Potentiometry  
Differential electrolytic potentiometry (DEP) is a technique employed to indicate the end 
point in titraions. In this technique, a small constant current is applied to two identical 
indicator electrodes while the potential, ∆E, across them is  measured during the titration  
[1]. 
In DEP system, no reference electrode is involved. The salt bridge in the reference 
electrode that causes some difficulties especially in non aqueous systems is eleminated [2]. 
Moreover, polarizing the indicator electrodes usually remains them active during the 
course of the titration and therefore enhances the response and also reach the equilibrium 
in a short period of time. These advantages of the DEP made it a suitable detection system 
for most of the titrations [3] and the flowing systems [4].  
1.2 Carbon Nanotubes 
Carbon nanotubes (CNTs) possess remarkable structural, electronic and chemical 
properties, such as large specific surface and excellent current carrying capability [5], [6]. 
They have been the subject of many studies in physical, chemical and material areas due 
to these unique properties. CNTs behave electrically as a semiconductor or as a metal based 
on their atomic structure.  Electrodes made of multiwalled carbon nanotubes have been 
shown fast electron-transfer kinetics for electrochemical reactions [7]. CNTs have widely 
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incorporated in different types of electrochemical sensors [8] and biosensors [9] for a wide 
range of applications. 
1.3 Flow injection analysis 
Flow injection analysis (FIA) presents an important concept of total automation of solution 
handling, offering the advantages of fast analysis and low consuption of reagents. It has 
been employed to automate a wide variety of chemical and biochemical analyses since its 
invention in the 1970s [10]. Owing to its feasibility in coupling with various types of 
detectors, the applications are very numerous [11]. FIA based on differential electrolytic 
potentiometry as a detection system has been applied to pharmaceutical [12] and 
environmental analyses [13]. 
1.4 Research Objectives 
 The objectives of this research are outlined as follows: 
1. To prepare silver electrodes coated with carbon nano tubes using chemical vapor 
deposition method (CVD). 
2. To apply these electrodes as a detection system in ion–combination and electron 
transfer titrations using mark-space bias DEP in aqueous systems. 
3. To investigate the applicability of the solid electrodes coated with CNTs as a detection 
system using dc-DEP in flow injection.  
4. To modify the electronic circuit that supplies a time biased square wave to use it as a 
polarization source in flowing systems. 
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2 CHAPTER 2 
LITERATURE REVIEW 
2.1 Differential Electrolytic Potentiometry 
Differential Electrolytic Potentiometry (DEP) is a technique used to indicate the end point 
in titrimetric reactions. It is based on measuring the potential difference (∆E) across a pair 
of identical metallic electrodes polarized by a small constant current and placed in a stirred 
solution. DEP titration gives a curve, similar to the first differential of the sigmoidal normal 
potentiometric one [14]. A bimetallic system using two similar electrodes was early applied 
in electrometric oxidation–reduction titrations to indicate the end point [15]. The two 
electrodes behave independently of each other, but their behavior is dependent on the 
magnitude of the current applied and the nature of the ions in the solution [1]. It has been 
found that a constant potential is reached at a high stirring rate of the titration solution [16].  
DEP usually gives better results than those obtained from normal potentiometry, with the 
advantage that the polarization during titrations produces an electrode response faster than 
the zero current electrodes. In DEP technique, there is no reference half-cell is included. 
Therefore, the  difficulties caused by the salt bridges are eliminated [1], especially in non–
aqueous solutions [2].  
Polarization of the electrode may be achieved by different ways. So, the method is named 
on the basis of the way that electrodes are polarized. Accordingly, the method is called 
direct current differential electrolytic potentiometry (dc - DEP) if a direct current is applied 
to polarize the electrodes. Alternating current (a.c. DEP) or periodic current (p.c. DEP) 
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refers to the technique where the electrodes are polarized by applying pure, symmetrical, 
bias–free  square, sine and triangular wave [17], [18]. The DEP technique takes the name 
a mark–space bias (m.s.b. DEP) when a time biased square wave, difference in the duration 
of the negative and positive half cycles of a square wave, is applied to the electrodes [19]. 
Here, the electrodes are polarized by a direct current component produced from the biased 
square wave [18]. 
Optimum titration curves are obtained when a symmetrical, bias–free, wave periodic 
polarization is applied. Any bias produces a deterioration of the titration curve. This 
technique gives a sharp peaks and better results than dc–DEP in precipitation and redox 
titrations in aqueous solutions. This is due to the continuous reversing of the signal that 
prevents buildup of films on the electrode surface which keeps the electrodes fully active 
for very long periods. Also, warning is given of the approach of the end-point [17]. The 
use of a time bias on a periodic wave affect the differential curve, ∆E, but the dc component 
produced may polarize the electrodes [18].  
Bishop, E. studied the precision and accuracy of differential electrolytic potentiometry. He 
applied it to a random assortment of redox titrations [20].  The results showed an 
improvement reaches up to a 10 fold in the location of end point compare to the classical 
potentiometry. He also studied titrations of strong and weak acids and bases using 
antimony electrodes. The results obtained were favorably compared with classical 
procedures in accuracy [21]. The high accuracy and precision is attributed to the fast 
equilibrium attained in the electrode potential, because of the polarization, and also due to 
the sharpness of the differential peaks. 
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The different techniques of DEP have been applied to all types of titrations in aqueous 
solutions with diverse solid electrodes. Silver electrodes and silver-silver halide electrodes 
have been used in precipitation titrations [22]–[24]. Antimony oxide electrodes have been 
found to be suitable for acid-base titrations [21], [25], [26]. Platinum have been found to 
be the best electrode for oxidation-reduction titrations [20]. For complexation titrations,  
gold amalgam is appropriate as indicating electrodes [27]. DEP techniques have been also 
applied to different titrations in non–aqueous media [3], [18]. 
2.2 The Theories of the DEP 
The mass and charge transfer processes become pertinent since the titration curves are 
affected by many titrimetric and electrical parameters. 
 Kolthoff (12) defines the polarization of an electrode in the means of a passing current 
through it.   The potential of the electrode will change and it will be different from that of 
the zero-current potential. Depending on the type of polarization the anodic polarization 
will make the potential of the electrode more positive than that of the zero current.  In the 
case of cathodic polarization, the electrode will attain more negative potential than the zero 
current electrode.  The differences in potentials are due to overpotential. 
2.2.1 The Overpotential 
An electrode through which a finite current is passing has a potential difference from its 
zero current or equilibrium value. This difference is called overvoltage or overpotential 
and is giving the symbol   
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In the absence of net current flowing in the external circuit, the sum of cathodic and anodic 
current is equal to zero i.e. 00 iiiandii acac   
i0 represents the exchange current that flows continuously in the compact layer. When
I  0 , the electrode potential will have the equilibrium zero-current value, Eeq with 
respect to saturated hydrogen electrode. 
When a net current is passing through the electrode, its potential will have a new value, 
Ewe which is the potential of the working electrode. The difference between Ewe and Eeq
is called the overpotential  i.e.  E Ewe eq  
The overpotential consists of three components; charge transfer or activation 
overpotential ( a ,the mass transfer or concentration overpotential ( c  and the resistance 
overpotential ( r ).  a occurs due to the slowness of the electrode process, depending upon 
the nature of electrode surface, its surface conditions and the concentration of electroactive 
species present in the medium.  c arises when the passage of current causes a net reaction 
at the electrode surface and independent of the nature of electrode. This results in a 
difference in concentrations of reactants and products at the electrode surface from those 
in the bulk of solution forming concentration gradients.  Hence reactants migrate towards 
and products migrate away from the electrode. r could be defined as  cs  which represents 
the overpotential that results from the passage  of current as   cB cs , where cB is 
independent of current and constant for a given bulk concentration. 
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cs e
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Ox
d
RT
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 log
[ ]
[Re ]
log
[ ]
[Re ]
              ………………………. (1) 
and the potential of an electrode  
E E cB cs a    0                                              ………………………. (2) 
and acEE   0                                                 ...……………………. (3) 
The resistance overpotential  r [28], defined by Bowdon and Agar, depends upon the 
conductivity of the electrolyte solution and the amount of current flowing but not on  the 
electrochemical processes. Adding supporting electrolyte in a proper concentration is 
sufficient to lower  r to an insignificant value. 
2.2.2 Parameters Involved in the Theoretical Treatment 
A list of the parameters involved the theoretical treatment and their definitions is provided 
here:  
A : Projected area of the electrode 
x : Thickness of the diffusion layer 
r : Roughness factor of the electrode surface 
D : Diffusion coefficient 
I  : Current 
k : The conditional overall rates constant 
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a  : The charge transfer coefficient 
n : Number of electrons involved in the reaction 
Ewe  : Working electrode potential 
E0     : Conditional potential 
[ ]Ox B : Concentration of the oxidized form in the bulk solution 
[ ]Ox s : Concentration of the oxidized form at the surface of the electrode  
[Re ]d B : Concentration of the reduced form in the bulk solution 
[Re ]d s : Concentration of the reduced form at the surface of the electrode  
f andb : Forward or backward electrode reaction 
k f : Specific rate constant for forward reaction 
kb : Specific rate constant for backward reaction 
aOx : Activity of oxidized species 
a dRe : Activity of reduced species 
The kinetics of an electrode reaction depends on the rates of mass and charge transfer 
reactions at the electrode surface. 
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Mass transfer exits in three different forms: diffusion, convection and electro migration.  
Diffusion occurs due to the change in concentration of electrolyzed species near the 
electrode forming a concentration gradient between the electrode surface and the bulk of a 
solution. 
Density and concentration gradients form convection.  Rapid stirring of solution results in 
a uniform concentration in the bulk. 
Since ions carry the current, electromigration of reacting species will occur.  The addition 
of a background electrolyte minimizes such migration. 
In order to calculate [ ]Ox s  and [Re ]d s under conditions where  a is negligible, it is 
assumed that the electromigration is negligible [29]. 
Consider the oxidation-reduction reaction. 
                              ……………………….……. (4) 
For which the electrode potential is given by 
E E
RT
nF
Ox
d
we
s
s
  0 ln
[ ]
[Re ]
                      ……………………………. (5) 
At equilibrium for a given current: 
rate of electrolysis = rate of diffusion 
Therefore, 
I
nF
D A r
Ox Ox
x
Ox
B s

. .
[ ] [ ]

   ………….…………. (6) 
Ox + ne   Red
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and 
I
nF
D A r
d d
x
d
s B

Re . .
[Re ] [Re ]

             ………..……………. (7) 
Solution of equation (6) and (7) gives the ionic concentrations of the oxidized and reduced 
species at the electrode surface: 
[ ] [ ]Ox Ox
I x
nFArD
s B
Ox
 

                        …………………………. (8) 
[Re ] [Re ]
Re
d d
I x
nFArD
s B
d
 

                     ………….…………. (9) 
Substitution of (8) and (9) in (5) gives Ewe corresponding to a given value of the current 
E E
RT
nF
Ox
I x
nFArD
d
I x
nFArD
we
B
Ox
B
d
  


0 ln
[ ]
[Re ]
Re


           ………………………. (10) 
When the process becomes limited by the diffusion of oxidant to the electrode surface,
[ ]Ox s0 , so that from (6) the limiting current for cathodic reactions is given by  
I
nFArD d
x
L
E
d B
d s[Re ]
Re [Re ]



0 
                         …………………..……. (11)  
Similarly from (4) the limiting current for anodic reaction is 
I
nFArD Ox
x
L
E
Ox B
Ox s[ ]
[ ]



0 
                           …………….…………. (12) 
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This current is approached asymptotically and would only be obtained for cathodic 
reactions at Ewe   at higher potentials, the current corresponding to a given potential is 
obtained by solving (10) for I, hence 
I
nFAD D
x
Ox B d
BD D
Ox d B
Ox d



Re
Re
[ ] [Re ]

                 ……………………..……. (13) 
Where B e
nF E E
RT
we

 ( )0
                                  ……………………………. (14) 
By applying equations (10) and (13) the potential at a specified current and the current at 
a specified potential both can be calculated. Furthermore, using the convention that a net 
cathodic current is positive and a net anodic current is negative, the above equations can 
be applied to both anodic and cathodic reactions. 
Considering equations (11) and (12), the parameters that are unknown or difficult to be 
measured, but which are constant for a given set of conditions may be grouped together in 
an overall conditional mass transfer rate constant Kmass.  
K
D r
x
IL
nFA Ox
mass Ox
Ox Ox
,[ ]
.
[ ]
  

                ……………………………. (15) 
Similarly, 
K
D r
x
IL
nFA d
mass d
d d
,[Re ]
Re Re.
[Re ]
  

           ……………………………. (16) 
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2.2.3 The Charge Transfer Problem 
In order to obtain [ ]Ox s and [Re ]d s  for substitution in the charge transfer equations, the 
mass transfer equations have to be applied. There is a connection between mass transfer 
and charge transfer. Considering again the general reaction 
Ox  +  ne
    ia
   ic
    Red
                        
and on the passage of a net  current I through the electrode, the rate equation is 
    
da
dt
da
dt
k a k a
I
nFA
Ox d
f Ox b d
Re
Re         …………………………. (18) 
where aOx and a dRe are the activities of the oxidized and reduces species, k f and kb are the 
forward and backward reaction rate constants and I is the net current flowing 
The specific rates, k f and kb can be written in terms of the theory of absolute reaction rates 
as [30] 
k
k T
h
ef
B G
RT
f



                                           ……………………………. (19)      
k
k T
h
eb
B G
RT
b



                                           ……………………...………. (20)      
where G f

and Gb

are the corresponding free energies of the activated state k B is 
Boltzmann’s constant, h is Plank’s constant. 
  …………………………. (17)      
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If the potential of the electrode with respect to some reference point such as N.H.E. is. Evolt
, k f and kb  are the rate constants at E  0 and a  is defined as the fraction of the potential 
favoring the forward reaction, i.e. cathodic reaction, then there will be a free energy change 
of a nFE per mole and hence the specific rate of the forward reaction become 
k k ef f
nFE
RT 


                                      ……………………………. (21)      
and similarly a fraction ( )1 of the potential E will favor the backward, i.e. anodic, 
reaction and thus the specific rate of the backward reaction becomes 
k k eb b
nFE
RT 
( )1 
                                    ……………………………. (22) 
Substituting these values in the overall rate equation (19) gives 
I nFAa k e a k eOx f
nFE
RT
d b
nFE
RT   
  
Re
( )1
       ……………………. (23) 
When no net current is flowing through the external circuit, I  0 , and i i ic a   0 , where 
i0  is the exchange current; the electrode potential Ewe  will then have the equilibrium value, 
Eeq  while [ ]Ox  and [Re ]d will be the bulk concentrations. Thus, 
i nFAa k ec Ox f
nFE
RT
eq
 

                  ……………………………. (24) 
and 
i nFAa k ea d b
nFE
RT
eq
  

Re
( )1 
                     ……………………...…. (25) 
Substituting in the equation i ic a  0 gives, after simplification 
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E
RT
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RT
nF
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a
eq
f
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Ox
d



ln ln
Re
                    ……………………………. (26) 
Which is the Nernst equation at zero current and from which the definition of E0 can be 
seen: 
E
RT
nF
k
k
G G
nF
o
f
b
f





ln
 
                     ……………………………. (27) 
Similarly insertion of f Ox and f dRe , the activity coefficients of Ox  and Red  into equation 
(26) gives   the definition of E0  
  E E
RT
nF
f
f
Ox
d
0 0 ln
Re
                                ……………………………. (28) 
By using an overall rate constant, k , which is defined as 
k k f e k f ef Ox
nFE
RT
b d
nFE
RT   
  0 01
Re
( )
         …………………………. (29) 
or 
k k e k ef
nFE
RT
b
nFE
RT 
   
0 0
10 0 ( )
                   ……………………….…. (30) 
and substituting these values in equation (1.23) using the fact that 0 atIEE eq and the 
relation E E
RT
nF
Ox
d
eq
B
B
  0 ln
[ ]
[Re ]
 gives 
I nFAk Ox d Ox d   {[ ] [Re ] [ ] [Re ] }( ) ( )1 1 0          ………………. (31) 
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But    i i ic a0     
So, 
 ][Re][ )1( dOxnFAkI                               …………………………. (32) 
When I  0 , then i ic a  . In order to calculate I  from equation (23), E is not equal to Eeq
, but equal to the working electrode potential, Ewe . Using the definitions of the overall rate 
constant, k , in (29) and (30) and substituting into (23) gives 
I nFAk Ox e d e
nF
RT
E E
nF
RT
E Ewe we
 
  

 
[ ] [Re ]
( )
( )
( )
 
0 0
1
      …………………. (33) 
When I Ox d 0,[ ]&[Re ] are the bulk concentrations and E Ewe eq  but when I  0 the 
concentrations are[ ] &[Re ]Ox ds s . From equation (3), E Ewe c a   0        and therefore 
(33) becomes 
I nFA Ox e d es
nF
RT
nF
RT
c a c a
 
 


[ ] [Re ]
( )
( )
( )

 

 
1
     ……………………. (34) 
Equation (34) can be solved for a by substituting from (7) 
c
s
s
RT
nF
Ox
d
 ln
[ ]
[Re ]
                                      ……………………………. (35) 
which gives after simplification 
I nFAk Ox d e es s
nF
RT
nF
RT
a a
 


[ ] [Re ] { }( )
( )
1
1
 




    ……………………. (36) 
Which is the charge-transfer and mass-transfer overpotential equation. Calculation of the 
potential at a given current may be achieved by direct solution of equations (33), (34) and 
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(36), but in each case the mass transfer problem must be solved in order to determine 
[ ] &[Re ]Ox ds s  for substitution into (36). Equation (36) is straightforward to solve for 
supplied values of a , andk .  It is also possible by numeral methods [31] to resolve this 
equation for  a in terms of supplied values of the current. Finally substitution of the 
calculated values for  c a& in 
E Ewe a c   0                                       ……………………………. (37) 
gives Ewe at the chosen current, the sign of the current will give the correct solution for 
either anodic or cathodic process. 
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2.3 Carbon Nanotubes 
2.3.1 Definition and Properties 
Carbon nanotube (CNT), discovered in 1991[32], is a graphite sheet rolled into 
cylinders[33]. Since that time, they have attracted much attention due to their excellent 
physical and chemical properties. CNTs have very low electrical resistivity [34], [35], 
Individual nanotube was found to carry current with a density exceeding 109 A/cm2 
[36]. Depending on their atomic structure, CNTs behave electrically as a metal or as a 
semiconductor [37], [38]. The subtle electronic properties suggest that CNTs have the 
ability to promote charge-transfer reactions when used as an electrode [7], [39]. 
2.3.2 Growth of Carbon Nanotubes 
Three methods are mainly used for CNTs growth: laser ablation, arc discharge, and 
chemical vapor deposition (CVD). The latter one was regarded as the most promising 
compared with the first two methods although it usually introduces more defects in 
CNTs during the growth process. The growth process is catalyzed by the most common 
catalysts: Fe, Co and Ni [40] in their different forms [41]–[43]. These metals have few 
d-vacancies in their orbitals and consequently both decompose carbon sources and 
dissolve carbon atoms up to a certain limit [44]. It has been demonstrated that CNT 
materials contain residual metal impurities from catalysts even after purification[45]. 
Two different interfaces between CNTs and a metal crystal exist as depicted in Figure 
1. CNTs either form an end-contact to the metal, involving covalent bonds at the 
interface, or a side-contact forming a weakly bonded interface. Although the end-
contact is favorable, side contact with excellent electrical properties has already been 
reported [46]. CNTs are known to grow predominantly on nonconducting substrates, 
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that limits applications where conductive substrates/contacts, for instance to form 
electrodes, are required.  However, CNTs have been directly grown on bulk metals [47]. 
2.3.3 Growth Mechanism of Carbon Nanotubes  
Since its discovery, the growth mechanism of CNT is still debatable. Based on the 
reaction conditions and post-deposition product analyses, several groups have proposed 
different possibilities. Therefore, no single mechanism has been established so far [48]. 
The growth of carbon nanotubes from hydrocarbons by CVD method consists of four 
sequential processes. These include the mass transport of the hydrocarbon and its 
reaction in the gas phase, the dissociative absorption of the hydrocarbon molecule on 
the catalyst metal surface, the diffusion of the resulting carbon atoms through the 
catalyst or on its surface, and finally the precipitation of carbon atoms from the catalyst 
to form the growing nanotube. The catalytic chemical vapor deposition of the carbon 
nanotubes on the transition metal catalysts was considered as heterogeneous catalysis 
[49]. 
The widely-accepted two general cases for growth mechanisms of CNTs are: (a) tip-
growth model, (b) base-growth mode as shown in Figure 2 [49]. The first one is 
assumed to take place when the catalyst–substrate interaction is weak. Carbon atoms 
resulting from decomposition of hydrocarbon, on the metal surface, diffuse down 
through the metal, and the CNTs form across the metal bottom, pushing the whole metal 
particles off the substrate. In the second mechanism, the CNTs are compelled to emerge 
out from the metal’s apex. This happens when the catalyst–substrate interaction is 
strong [48], [50].  
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Figure 1: The two types of interface between a metal crystal and a 
carbon nanotube: end-contact (top) and side-contact (bottom) [46] 
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Figure 2: (a) widely accepted mechanisms and processes in carbon nanotube growth, for tip growth 
and root growth. (b) Simplified model [49]. 
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2.4 Optimization of Carbon Nanotubes Growth by Chemical Vapor 
Deposition 
Carbon nanotubes have been grown through chemical vapor deposition method using 
different carbon sources, carrier gases, catalysts and different temperatures. Many 
researches have reported the growth of CNTs in CVD reactors by using acetylene as 
carbon source, hydrogen as carrier and ferrocene as catalyst.  
2.4.1 Effect of Hydrogen Concentration 
Hydrogen plays an important role in the growth of carbon nanotubes by thermal CVD. 
Increasing hydrogen promotes the growth of CNTs while preventing the formation of 
spherical amorphous carbon particles[51], [52]. Hydrogen prevents the passivation of 
the catalyst surface caused by excessive carbon deposition [53] and keeps it active 
which in turn enhances the graphitization degree of the grown CNTs[54]. However,  the 
length of the aligned carbon multiwall nanotubes grown using toluene and ferrocene 
decreased as the hydrogen gas was increased in the mixture[55]. On other hand, 
quantum chemical molecular dynamics simulation of early stages in the nucleation 
process of carbon nanotubes from acetylene feedstock on Fe catalyst highlights the 
inhibiting effect of hydrogen for the condensation of carbon ring networks [56]. 
2.4.2 Effect of Temperature 
As the growth temperature of CNTs, using C2H2 and iron based catalyst, increases from 
600 to 1100°C, the growth rate enhances, the amount of crystalline graphitic sheets 
increases and higher degree of crystalline perfection is obtained  [42]–[46]. On the other 
hand, carbon impurities decrease [62].  Higher temperatures were found to enhance 
growth  of aligned CNTs [63], [64] and affect the tubes length [65].  
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2.5 Characterization Techniques for Carbon Nanotubes 
2.5.1 Scanning and Transition Electron Microscopy 
Scanning electron microscopy (SEM) and Transition electron microscopy (TEM) have 
been used for the characterization of carbon nanotubes[66]. SEM with high resolution 
is powerful instrument for imaging of fine structures of CNTs and other carbon species 
by imaging the morphology of the surface. TEM is used to observe the internal structure 
of carbon nanotubes [67] such as the presence of residual metal catalyst nanoparticles 
[45], single or multiple CNTs and distances between the concentric tubes [68] and if 
they are  bundles or individual tubes[69]. 
2.5.2 Raman Spectroscopy 
Raman spectroscopy is one of the most powerful tools employed for the 
characterization of carbon nanotubes without sample preparation. All allotropic forms 
of carbon are active in Raman spectroscopy [70]. 
The information provided about vibrational properties can be correlated with the 
structure and electronic properties of the nanotubes. It gives an indication of the purity 
of CNTs based on the ratio of G-band (̴1580cm-1) to D-band (̴1̴350cm-1). G-band 
assigns to the in-plane vibration of the C–C bond and D-band is due to distorted sp2 and 
it reflects the amount of impurity particles [71]–[73]. Raman spectrum shows a band at 
about 2700 cm-1 called G′-band which may represent more accurate measurement of 
MWCNTs quality and purity since its intensity is enhanced by the carbon nanotubes 
[73]. Purification of CNTs with acid increases the structural defect [74]. 
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2.6 Carbon Nanotubes as Electrode Material in Electroanalytical 
Methods 
Due to their unique electronic features and high surface area, CNTs have been widely 
applied in electrochemical studies and electroanalytical applications as sensors and 
biosensors. They have been applied in different techniques and achieved significant 
enhancement in sensitivity for the measurement of diverse analytes ranging from metal 
ions through gases and organic pollutants to biological markers. CNTs have been 
incorporated in enzyme-based biosensors, DNA sensors and immunosensors [9]. 
Electrodes modified with CNTs have been employed in amperometric [75]–[77] and 
voltammetric measurements [75]–[82]. Very recent potentiometric sensors and 
biosensors including CNTs or modified CNTs have been applied for biological[83], 
[84], environmental organic[85] and inorganic [86]–[89] and other analyses [90], [91]. 
 
 
 
 
24 
 
2.7 Flow Injection Analysis 
2.7.1 Introduction 
Continuous flow chemistry has been widely used in chemical analysis. Recently, this 
production methodology has been gaining interest in pharmaceutical industry due to 
inherent increased safety, improved product quality, space savings and overall 
production capacity increase. 
Flow Injection Analysis (FIA) is a simple, versatile and flexible automated technique 
that has found widespread applications in quantitative analysis. The name “Flow 
Injection Analysis” was introduced for the first time by Ruzicka and Hansen who have 
invented this system [10]. 
In FIA, as depicted in Figure 3 [92], carrier and reagent solutions are propelled by a 
peristaltic pump while sample solution is introduced through an injection valve into the 
carrier stream to meet later and react with the reagent in a mixing coil before they pass 
through a detection system.  
For working FIA system, a constant residence time (reproducible timing) of the sample 
is essential. This assumes absence of compressible air segments in both carrier and 
reagent streams and the delivery system yields constant flows. Another vital factor for 
a successful measurement is the control of the sample zone dispersion. Dispersion of 
sample zone influences the peak height which is frequently used in the evaluation of 
the results [93], [94]. 
The second generation of flow injection analysis is called sequential injection analysis 
(SIA), Figure 4. Same principles of FIA apply in SIA but the flow is programmable 
rather than continuous [92]. Beside the holding coil and detector, SIA system comprises 
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an automated high-precision syringe pump and valves controlled by a personal 
computer.  
SIA has advantages over FIA. These include: consumption of smaller reagent volumes 
and consequently generation of less waste. Moreover, it can be used for constant 
monitoring of environmental or industrial processes.  
 
 
26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Schematic diagram of the flow injection analysis system with two 
flowing streams. 
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Figure 4: schematic diagram of the sequential injection analysis 
manifold [189].  
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2.7.2 Electrochemical Detection in Flow Injection Analysis 
In the early stages after the invention of flow injection analysis, electrochemical 
methods have been established as detection systems. At that time, ion selective 
electrodes with potentiometric sensing were employed to determine the concentration 
of certain ions in soil extracts and blood sera [95]. Since that time different electrodes 
have been incorporated for this purpose. Flow injection analysis coupled to 
amperometric detection has been applied to different types of analyses including 
environmental [96], [97], pharmaceutical [98] and food [99] with a variety of working 
electrodes.   
Electrodes modified with CNTs as detectors in flow injection analysis have found wide 
range of applications in food [100], biological [101], pharmaceutical [101], [102] and 
environmental [102]–[105] analyses. These electrodes have shown good sensitivity. 
2.7.3 Flow Injection/Sequential Injection Coupled to DEP Detectors 
Differential electrolytic potentiometry (DEP) has been employed as a detection system 
in SIA/FIA for the determination of different analytes with various types of electrodes. 
Ag/AgCl [106] and Ag/AgCl-Pt pair [107] indicating systems were used for chloride 
detection through precipitation reactions. Cyanide ions were determined by Ni2+ [108] 
and Hg2+ [109] using Au/Hg electrodes and by Ag+ [13] with Ag/Hg indicator 
electrodes. SIA/FIA coupled to DEP have been employed in oxidation-reduction 
reactions using Pt indicator electrodes to determine ascorbic acid with different 
oxidizing reagents [12], [110]. This technique has been also used to analyze 
ciprofloxacin [4] and for determination of lysine employing lysine biosensor as DEP 
indicator electrodes [111]. Among all of the above mentioned analyses, only few 
reported the employment of mark-space bias polarization as an indicating system.  
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2.8 Analytes of Concern in This Work 
2.8.1 Ciprofloxacin 
 Ciprofloxacin (CFX) is an important class of antibacterial drugs that is 
comprehensively used for the treatment of infections of the urinary, respiratory, and 
gastrointestinal tracts. It is active against Gram-positive and Gram-negative bacterial 
species. CFX has been used in the treatment of severe typhoid fever [112], malignant 
external otitis [113] and tumor-like lesions of the rare disease malakoplakia [114]. The 
structure of this drug is shown in Figure 5, 
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Figure 5: Chemical structure of ciprofloxacin 
  
Different methods have been applied for the determination of ciprofloxacin in its pure 
form or in matrices. These include spectrophotometric, chromatographic and 
electrochemical methods [115]. High performance liquid chromatography, a method 
described in the US Pharmacopeia, has been used for the determination of CFX in 
human serum [116]–[118]. Spectrophotometry has been applied for CFX determination 
by measuring the absorbance of its complex with iron (III) [119], [120]. 
Electrochemical techniques have been widely applied for the determination of CFX in 
pure form and in various formulations using different types of electrodes  [121]–[123]. 
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Electrodes modified  with carbon nanotubes (CNTs) have shown excellent response 
when used in voltammetric determinations [124]–[127].  
CFX has been determined in drug formulations using differential electrolytic 
potentiometric titration method [128]. In this method, the analysis was based on the fast 
complexation reaction between iron (III) and CFX in sulfuric acid media using silver 
amalgam electrodes as a suitable indicating system. 
FIA methods have been also employed in CFX determinations in pharmaceutical 
formulations spectrophotometrically by the complexation with iron (III) [129] and with 
amperometric sensing through screen printed electrodes modified with MWCNTs 
[102]. DC–DEP technique has been also used as an indicating system for the analysis 
of CFX [4].  
Due to the variety of functional groups found in ciprofloxacin molecule, it can bind 
with metal ions to form complexes. Ciprofloxacin molecules is zwitterionic, based on 
the presence of a carboxylic acid group and the basic piperazinyl ring. Both groups are 
affected by the pH of the solution. The most common coordination mode in the 
quinolone chelates with metal ions is represented by carbonyl and carboxyl ligands in 
neighboring positions [130]. CFX has been found to form complexes with iron (III) in 
ratios 1:1 [131], 1:2 [132] and 1:3 [128].  
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2.8.2 Ascorbic Acid 
Vitamin C, also known as ascorbic acid, Figure 6, is a water soluble compound that is 
regarded as one of the safest and most effective nutrients [133]. It is naturally found in 
many fruits and vegetables. It must be ingested for human’s survival. Vitamin C is 
dietary and potent water–soluble  antioxidant [134], [135]. The powerful electron donor 
property of ascorbic acid is responsible to its diverse functions [135].  
 
 
Vitamin C is beneficial in protecting humans against cold [136], cardiovascular disease, 
stroke [135], cancer [137] and acts to minimize the risk of wheezing symptoms in 
children [138]. 
Different methods have been applied for the determination of ascorbic acid in its pure 
form or in complex matrices. In its pure form, ascorbic acid is determined by titration 
with iodine in dilute sulfuric acid medium, while different titration is employed for 
pharmaceutical formulations [139]. Ascorbic acid has been determined in fresh fruit 
juices [133] and freeze-dried herbal juice [140] by direct titration against iodine. High 
performance liquid chromatography has been used for the determination of ascorbic 
acid in fresh fruits like baobab [141], fruit juices [142],  beverages and pharmaceutics 
[143]. This technique achieves low detection limits but requires a bit long sample 
preparation. Electrochemical methods have been extensively used for the determination 
of vitamin C. Recently voltammetric methods involving electrodes modified with 
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Figure 6: Structure of ascorbic acid 
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nanomaterial such as oxide nanoparticles [144] and carbon nanotubes [145] were 
reported for food sample analyses. Direct current differential electrolytic Potentiometry 
has been applied in aqueous titration of ascorbic acid in pharmaceutical preparations 
employing a couple of platinum indicating electrodes [146], electrodes normally used 
in oxidation-reduction potentiometric titrations.  
In this work, for the first time, Baobab fruit was analyzed, by mark-space bias 
differential electrolytic potentiometry for the ascorbic acid content by titration against 
standard potassium iodate solution using silver modified with multiwall carbon 
nanotubes as indictor electrodes.           
Baobab Fruits 
Baobab (Adansonia digitata L.) is commonly known fruit indigenous to some African 
countries [147], [148] including Sudan [149]. Baobab fruit pulp has a very high content 
of ascorbic acid up to 300 mg/100 g or more which is almost six times more than 
oranges. But unfortunately, the preservation of the fruit pulp, which is originally 
contained in hard protective outer case, Figure 7, is beyond the control of population 
leading to undesirable losses of ascorbic acid [148]. 
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Figure 7: Baobab fruits, contained in hard protective outer case, obtained 
from central Sudan.  
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2.8.3 Lead (II) Ions 
Lead is one of the heavy metals that rank among the priority metals that are of public 
health significance. The non-natural sources of lead are from human activities, mainly 
the emission from the industry and transportation. Since it cannot be degraded, it is an 
environmentally persistent toxin [150]. It was classified as  a human carcinogen [151] 
and has been reported to affect nervous and hematopoietic systems, causes cardiac and 
vascular damage [152], [153], and genotoxicity [154]. Exposure to lead affects child 
physical growth [155]. 
Beside its toxicity to human, lead impact extends to other organisms such as the aquatic 
biota [156], [157] and plants [158], [159]. 
Potentiometric titrations of heavy metal ions, including Pb+2, through complex 
formation reactions with EDTA using silver metal as an indicator electrode has been 
reported [160]. Selective potentiometric titrations for the determination of Pb+2 have 
been performed using various types of working electrodes modified with diverse 
ionophores [161]–[165]. Mostly, EDTA was employed as a titrant. In addition to 
selectivity, graphene was introduced in the electrode composition to increase the 
surface area and subsequently sensitivity enhancement was achieved [166].  
MWCNTs have been incorporated in potentiometric sensors to increase the sensitivity 
in complexation of heavy metals with EDTA [167], [168] through the improvement of 
conductivity and, therefore, conversion of the chemical signal to an electrical signal  
[138].  
While normal potentiometry has been extensively investigated for the determination of 
heavy metal ions especially by complexation with EDTA, a very few research work 
was devoted to investigate differential electrolytic potentiometry as a technique for this 
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purpose. DEP has been used to determine mercury (II), copper (II), nickel (II) and 
bismuth (III) by complex formation reactions with EDTA [139] using electrodes other 
than the amalgamated gold that used before in this types of reactions [14]. 
2.8.4 Cyanide 
Cyanide is a potent and rapidly-acting asphyxiant to mammals. It prevents live tissue 
utilization of oxygen through the inhibition of the cellular respiratory enzyme. 
Inhalation or ingestion of cyanide therefore causes fast death within minutes [171]. 
Cyanide is a widely used chemical in industry [172]. The main source of cyanide 
pollution is the effluent from mineral processing operations associated with gold mines 
[172]. Extraction of gold by cyanide represents a major advance in gold mining because 
it allowed for higher recoveries than all the other prevailing methods [173]. 
The high toxicity of cyanide and its widespread industrial applications requires its 
determination at very low concentration levels. Different detection techniques for 
cyanide have been developed. These include optical methods [174], chromatography 
[175], [176], electrochemical [174] and flow injection analysis methods [108], [177], 
[178]. Potentiometry [179] and differential electrolytic potentiometry [178] were 
among the electrochemical methods used. Comparative studies of the determination of 
cyanide at low concentration levels in waste waters by different techniques have been 
reported [180].  
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3 CHAPTER 3 
MATERIALS AND METHODS 
3.1 Electrode Preparation and Characterization 
Ferrocene (98+%, Aldrich) and pure silver metal were used. Growth of carbon nanotube 
on silver metal was achieved in a chemical vapor deposition reactor. A quartz tube 
reactor (125 cm length×2.5cm ID) was placed in two separate tube furnaces 
(Lindburg/Blue M TF55035A-1, USA and OTF 1200X, MTI Corporation, USA) as 
shown in Figure 8. An amount of 60 mg ferrocene was placed in a ceramic boat in the 
first heating zone while 0.1 cm diameter and 2 cm long silver wire was held in another 
boat positioned in the second heating zone.  
The operation of the CVD system was started with argon gas being released into the 
system at a flow rate of 200 standard cubic centimeter per minute (sccm) to free the 
system from air. When the temperature of the second furnace in which carbon 
nanotubes grow reached 600, 700, 750 or 800, the ferrocene was then vaporized at 150 
°C and the vapor swept into the second furnace for a period of 5min. Argon was then 
turned off and the mixture of acetylene, carbon source, and hydrogen was turned on at 
specified flow rates for time ranging from10-30 minutes at 5min intervals. The reactor 
was then allowed to cool to room temperature under argon environment.  
Silver coated with CNTs was collected and characterized using Field Emission 
Scanning Electron Microscope (FE-SEM, TESCAN VELA3), Transmission Electron 
Microscope (FE-TEM, JOEL-2100F) and Raman spectrometer (LabRAM HR 
Evolution, HORIBA Scientific) with an excitation wavelength of 632.8 nm from a 
tunable He-Ne laser focused on the sample by means of a 50 LWD objective. 
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Figure 8: Chemical Vapor Deposition, CVD, setup used for CNTs growth on silver metal  
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3.2 Differential Electrolytic Potentiometry Titration Apparatus 
The titration set up used in this work is depicted in Figure 9. The electrodes were 
prepared for measurement by soldering each of them to a copper wire placed into a 
glass jacket. These electrodes were placed in the titration cell. The electrodes were 
polarized using direct current or mark–space bias square wave generator. An 
oscilloscope was used to monitor the square wave and a potentiometer for measuring 
the potential difference. The titrant was dispensed from a micro burette.   
 
 
 
 
Figure 9: DC/mark–space DEP titration setup using Ag/CNTs 
indicting electrodes. 
     mV 
DC/Biased square 
wave generator  
DEP indicating 
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3.3 Determination of Ascorbic Acid 
3.3.1 Materials, Reagents and Solutions 
A solution of 0.02 mol/L ascorbic acid (99.5%, Fluka) was freshly prepared prior to use 
and then series of standard solutions were prepared by dilution with deionized water. A 
stock solution of 0.02 mol/L of potassium iodate (min 99.5%, Fisher scientific) was 
prepared and then used to prepare other diluted solutions as needed. 0.1 mol/L sulfuric 
acid (Sigma Aldrich) was also prepared. A standard solution of 0.0466 mol/L iodine 
solution was prepared and standardized against arsenic trioxide prior to use  for the 
direct titration  [109]. Redoxon® vitamin C tablets supplied by Bayer were purchased 
from local pharmacy. Baobab fruits, both contained in hard protective outer case and 
obtained from broken one, were collected from a market in central Sudan.  
3.3.2 Methods 
MS-DEP Titrations 
A volume of 2.0 ml of 0.02 molar freshly prepared vitamin C was placed in a 50ml 
beaker, the volume was completed to 20 ml by 0.1 molar sulfuric acid. Two CNTs/Ag 
electrodes, which are part of the mark-space DEP circuit, were placed in the mixture 
and polarized by a bias ranging from 0 to 20%. Standard potassium iodate solution was 
dispensed from micro pipette with stirring the mixture and the potential difference (ΔE) 
between the two electrodes was recorded. The optimum bias was then fixed for the 
measurements of other standards of ascorbic acid, each of them was prepared and 
analyzed three times including the first one used for optimization.  
Optimum bias was then applied to determine ascorbic acid in vitamin C tablets and in 
Baobab fruits using 0.01mol.L-1 potassium iodate. For Redoxon analysis, a volume of 
2.0 ml of the solution of 0.8g powder/50ml was added to 20ml of 0.1mol.L-1 sulfuric 
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acid and analyzed in the same way. For Baobab, each 2g of the fruit pulp powder was 
stirred with 20ml of 0.1mol.L-1 sulfuric acid for 5 minutes prior to the titration in order 
to extract all the analyte present and then spiked with 0, 0.002, 0.005, 0.05 and 0.1 
mmole of ascorbic acid and then titrated against iodate solution. 
Iodimetric Titration 
Ascorbic acid standard solutions were analyzed iodimetrically according to US 
Pharmacopeia procedure for pure vitamin C analysis for comparison [139]. Titrations 
were performed three times.   
Potentiometric Titration 
Potentiometric titration with CNTs/Ag working electrode was performed to determine 
ascorbic acid in 20 ml standard solution (2×10-4 mol.L-1) against standard potassium 
iodate solutions in 0.1mol.L-1 sulfuric acid medium. Potentials of the CNTs/Ag working 
electrode during the titration were recorded against silver/silver chloride reference 
electrode.  
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3.4 Determination of Lead (II) 
3.4.1 Materials, Reagents and Solutions 
All chemicals used were of analytical grade. A stock solution of 0.1 mol/L lead nitrate 
(Fisher scientific) was prepared then a series of standard solutions were prepared by 
dilution with deionized water. A stock solution of 0.1 mol/L of Ethylenediaminetetra-
acetic acid disodium salt, EDTA, (min 99.5%, BDH) was prepared and then used to 
prepare other dilute solutions as needed. A volume of 0.1 mol/L of acetate buffer (pH 
5.5) was prepared from acetic acid and sodium acetate (Fisher scientific) and 0.1 mol/L 
borate buffer solution (pH 10, Fluka) was adjusted to pH 9.2 by diluted nitric acid and 
then used. A standard calcium solution was prepared from nitric acid and calcium 
carbonate (≥99%, Sigma-Aldrich). A 0.008 mol/L of silver nitrate solution was also 
prepared from sliver nitrate (99%, BDH). 
3.4.2 Methods 
MS-DEP Titrations  
A volume of 2.00 ml of 5.00×10-2 mol/L Pb+2 was taken in a 50-ml beaker followed by 
20 ml of buffer (acetate pH 5.5) and 50µL of 8×10-3 mol/L Ag+. Two CNTs/Ag 
electrodes, which are part of the mark-space DEP circuit, were placed in the mixture 
and polarized by a bias ranging from 0 to 30%. EDTA solution (5.00×10-2 mol/L) was 
dispensed from the micro burette with stirring the mixture and the potential difference 
(ΔE) between the two indicator electrodes recorded. The optimum bias for polarization 
was selected and then the same procedure applied to titrate (2.00 ml of 1.00×10-1,  
5.00×10-3, 5.00×10-4 and 1.00×10-4 mol/L) of Pb+2 with only 10µL of Ag+ for the last 
two solutions.  Each solution was prepared and analyzed three times and average 
volumes of EDTA were obtained.  
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Back titrations for Pb+2 were also performed by adding Pb+2 (0.15, 0.015 and 0.0015 
mmole) to excess EDTA (0.25, 0.025 and 0.0025 mmole) respectively. 10µL of Ag+ 
and 20 ml of 0.1 mol/L borate buffer (pH 9.2) were then added and the excess EDTA 
was titrated with Ca+2 standard solutions (5.00×10-2, 5.00×10-3 and 5.00×10-4) 
respectively. 
Atomic Absorption Analysis of Lead (II) 
Standard solutions of 0.1, 5.00×10-2, 5.00×10-3 and 5.00×10-4 mol/L of Pb+2 were 
analyzed by atomic absorption spectrometer for comparison with the DEP titrations.  
3.5 Determination of Cyanide 
3.5.1 Reagents and Solutions 
All chemicals used were of analytical grade. Distilled, deionized water was used in to 
prepare the solutions. A stock solution of 0.1 mol/L of potassium cyanide (Fisher 
Scientific) was prepared. A series of standard solutions of different concentrations were 
prepared from the stock solution by appropriate dilutions. A stock solution of 0.1 mol/L 
of silver nitrate (99%, BDH) was prepared and standardized against sodium chloride 
using Mohr method [181] and then used to prepare other dilute solutions as needed. A 
0.1 mol/L solution of potassium nitrate (BDH) was also prepared to be used as a 
supporting electrolyte. 
3.5.2 Direct Current DEP Titrations method 
A volume of 5.00 ml of 2.00×10-2 mol/L potassium cyanide solution was taken in a 50-
ml beaker followed by 20 ml of 0.1 mol/L potassium nitrate. Two Ag /CNTs electrodes, 
were placed in the mixture and polarized by a direct current ranging from 5 – 20 
µA/cm2. The mixture was titrated with 5.00×10-2 mol.L-1 silver nitrate from a micro 
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burette with continuous stirring while measuring the potential difference (ΔE) between 
the two indicator electrodes. The optimum current for polarization of the indicating 
electrodes was then found. The optimum dc current was then fixed to perform a series 
of titrations for different concentrations of cyanide ions in the range of 4.00×10-3 – 
1.60×10-5 in 0.1 mol/L potassium nitrate.  
3.5.3 Mark–Space Bias DEP Titrations method 
The same conditions in the dc DEP titrations of cyanide were applied here. Only the 
polarization of the two electrodes was done by a time biased square wave. The % bias 
applied was in the range of 0 – 30%. The optimum % bias was selected for further 
titrations of different concentrations of cyanide ions in the range of 2.00×10-2 – 
2.00×10-5 mol/L.   
3.6 Determination of Chloride 
3.6.1 Reagents and Solutions 
All chemicals used were of analytical grade. Deionized water was used in all 
preparations. A solution of 0.1 mol/L solution of potassium nitrate (BDH) was 
prepared. 
A stock solution of 0.1 mol/L of sodium chloride (BDH) was prepared then a series of 
standard diluted solutions were prepared in 0.1 mol/L solution of potassium nitrate. A 
stock solution of 0.1 mol/L of silver nitrate (99%, BDH) was prepared and standardized 
against sodium chloride following Mohr method [181] and then used to prepare other 
dilute solutions as needed. Methods 
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3.6.2 Direct Current DEP Titrations  
A volume of 20.00 ml of 2.50×10-3 mol/L of sodium chloride solution was taken in a 
50-ml beaker. Two CNTs/Ag electrodes, were placed in the mixture and polarized by a 
direct current ranging from 2 – 20 µA/cm2. The mixture was titrated with 2.50×10-2 
mol/L silver nitrate from a micro burette with continuous stirring and the potential 
difference (ΔE) between the two indicator electrodes was measured. The optimum 
current for polarization of the indicating electrodes was then found. A series of titrations 
for different concentrations of chloride ions in the range of 5.00×10-3 – 2.50×10-4 in 0.1 
mol/L potassium nitrate was performed at the optimum dc current.  
3.6.3 Mark–Space Bias DEP Titrations  
The same concentrations used in the dc DEP titrations were applied here by polarizing 
the indicating electrodes this time by applying a time biased square wave. The bias 
applied in the range of 0 – 40%. The optimum bias was selected for further titrations. 
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3.7 Acid Base Titration 
3.7.1 Reagents and Solutions 
A solution of 0.2 mol/L of sodium hydroxide was prepared and standardized with 
potassium hydrogen phthalate (99.96, Fisher scientific). The standard sodium 
hydroxide was then used to standardize a solution of 0.2 mol/L of hydrochloric acid. 
3.7.2 Mark–Space Bias DEP Titrations  
A 2.00 mL of 5.91×10-2 mol/L of hydrochloric acid were added to 20mL of 1×10-2 
mol/L of potassium nitrate in a 50-ml beaker. Two CNTs/Ag electrodes were placed in 
the mixture and polarized by a time biased square wave in the range of 0 – 60%. The 
mixture was then titrated with a solution of 5.42×10-2 mol/L of sodium hydroxide and 
the point was located for each titration.  
At the optimum percentage of the square wave bias, lower concentrations of the 
hydrochloric acid were titrated and the end points were located. 
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3.8 Flow Injection Analysis Determination of Ciprofloxacin  
3.8.1 Chemicals and Reagents  
A stock standard solution of 5.0×10-3 mol/L of ciprofloxacin hydrochloride 
monohydrate (99.8 %), was prepared by directly dissolving the drug in water at room 
temperature. Working standard solutions were prepared by appropriate dilutions of the 
stock standard solution. A solution of 0.25 mol/L of nitric acid was prepared and used 
to prepare other diluted solutions. 
A 0.1 mol/L standard solution of iron (III) nitrate supplied by BDHs was used. Other 
iron (III) nitrate solutions were prepared by appropriate dilutions. 
3.8.2 Flow Injection Analysis Setup 
The flow analysis system used in this work, as depicted in Figure 2 consists of FIAlab 
Instrument, Inc. USA with a built in peristaltic pump (ALITEA, Sweden), in addition, 
a syringe pump (model 1250, J–KEM Scientific) with a separate controller attached to 
the FIA system. The flow cell was fabricated from plexiglass with a canal in the middle 
and two ports to accommodate the two Ag/CNTs electrodes. One end of the two 
electrodes are exposed to the solutions that pass through the canal and the other ends 
are connected to the electrical circuit and to the LabJack–U12 interface that converts 
the signal to a digital reading using the FIA software. Direct current/mark–space bias 
was employed for electrode polarization source. The whole system is controlled be a 
software through a personal computer except the J–KEM syringe pump which has its 
own controller. 
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Figure 10: Flow injection analysis – DEP setup used for the determination of ciprofloxacin  
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3.8.3 Flow Analysis Procedure 
The nitric acid solution was passed to the first syringe pump and the CFX solutions to 
the second one. The peristaltic pump was used to propel the iron (III) solution. At the 
beginning, the system was flushed with 50 mmol/L nitric for some time.  
3.8.4  Method Optimization 
The parameters optimized were current density, the percentage of mark–space bias, the 
flow rate, and the concentrations of nitric acid and iron (III) solutions. Nitric acid 
solution of 10 mmol/L was dispensed at a constant flow rate of 150 µL/sec. CFX 
solution of 5.0×10-1 mmol/L was introduced at a flow rate of 70 µL/sec.  25 mmol/L 
iron (III) solution was propelled at a flow rate of 80 µL/sec. The current density was 
varied from 5 – 40 µA/cm2 to find the optimum value. Another experiment was 
performed by polarization of the indicating electrodes by a biased square wave with 
different values of percentages of mark–space bias in the range of 0 – 70 %. Triplicate 
measurements for the potential difference were taken for each run.  
After obtaining both the optimum values of the dc current and the % bias, the effects of 
changing both the concentration of the iron (III) and the flow rate on the measured 
signal were studied. 
3.8.5 Calibration  
At optimum conditions of dc current or % bias, the concentrations of nitric acid and 
iron (III), and the flow rate, signals were measured for a series of standards of CFX 
solutions. The difference in potential measurements were taken three times for each 
solution studied. 
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3.9 Flow Injection Analysis Determination of Ascorbic Acid 
3.9.1 Chemicals and Reagents  
A solution of 0.5 mol/L ascorbic acid (99.5%, Fluka) was freshly prepared prior to use 
and then series of standard solutions were prepared by dilution with deionized water. A 
stock solution of 0.02 mol/L of potassium iodate (min 99.5%, Fisher scientific) was 
prepared and then used to prepare other diluted solutions as needed. A solution of 0.05 
mol/L sulfuric acid (Sigma Aldrich) was also prepared. 
3.9.2 Flow Analysis Setup 
The flow analysis system used in this work is depicted in Figure 11, the same system 
used for CFX shown in Figure 10. Only the reagents are different.  
3.9.3 Flow Analysis Procedure 
The reservoir of 0.05 mol/L sulfuric acid solution was connected to the first syringe 
pump and the ascorbic acid solutions to the second one. The peristaltic pump was used 
to propel the KIO3 solution. At the beginning, the system was flushed with 0.05 mol/L 
sulfuric for some time.  
3.9.4 Method Optimization 
The parameters optimized were the current density, the percentage of mark – space bias, 
the flow rate and the concentration of the analyte. Sulfuric acid solution was dispensed 
at a constant flow rate of 150 µL/sec. A solution of 0.02 mol/L of iodate was propelled 
at a flow rate of 100 µL/sec. Ascorbic acid solution of 2.81×10-1 mmol/L was 
introduced at a flow rate of 80 µL/sec. The current density applied for the polarization 
of the electrodes was varied from 10 – 65 µA/cm2 to find the optimum value. Another 
experiment was performed by polarization of the indicating electrodes by a time biased 
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square wave with different values of % bias in the range of 0 – 50 %. Triplicate 
measurements for the potential difference were taken for each run.  
After obtaining the optimum dc current and the % bias values for polarization, the flow 
rate of the oxidant was varied in order to find the optimum rate which give the highest 
signal.  
3.9.5 Calibration 
All of the values of the optimum parameters were applied to measure the difference in 
potential (∆E) for the different concentrations of the standard ascorbic acid solutions 
in order to stablish a calibration curve. The measured signal was taken three times for 
each solution.  
3.9.6 Analysis of Real Samples 
For the analysis of ascorbic acid in vitamin C tablets (Redoxon®), five tablets were 
ground and then 0.35g of the powder were dissolved in deionized water and the volume 
made to 1000 mL. This solution was analyzed using the FIA system adjusted to the 
optimized parameters and applying both dc DEP and m.s.b DEP with both types of 
electrode polarization. 
An amount of 2.01g of Baobab fruit powder was stirred with deionized water for a 
period of 10 min in a capped flask. The volume was then made up to 100 mL. The 
suspension was centrifuged at 30×103 cpm for 10 min. the clear supernatant was then 
analyzed at the optimum FIA conditions.       
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4 CHAPTER 4 
RESULTS AND DISCUSSION (I) 
4.1 Optimization of CNTs Growth on Silver Metal 
The preparation of Ag/CNTs electrodes by thermal CVD method requires an 
investigation of some important parameters that influence the quantity and quality of 
the nanotube grown. Such parameters include hydrogen gas concentration, temperature 
and time.  
First of all, it should be taken into consideration that the carbon particles other than 
CNTs reduce the electrical properties of the prepared CNTs/silver electrodes and 
consequently the sensitivity. 
4.1.1 Effect of Hydrogen Concentration 
In this study, C2H2 flow rate was held constant while varying H2 flow rate. At 700°C 
and low H2 flow rate only amorphous carbon was formed while CNTs growth enhanced 
by increasing the flow rate as depicted in Figure 12 and Figure 13 up to 90 sccm. 
However, beyond 100 sccm of H2 flow rate again amorphous carbon forms. This result 
was in agreement with that obtained to produce MWCNTs in swirled floating catalyst 
chemical vapor deposition reactor  [140].  
C2H2 molecules were assumed to decompose at high temperatures according to the 
following equation 
𝐶2𝐻2  →   2𝐶 +  𝐻2 
As the concentration of hydrogen increases, the rate of decomposition is suppressed, 
which in turn seems to prevent the passivation of the catalyst surface caused by 
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excessive carbon deposition of carbon atoms and consequently enhances the growth of 
CNTs  [38]. Another mechanism suggested that C2H2 is reduced to C2H6 in the presence 
of H2 and the latter decomposes easier than the former to provide  C atoms for CNTs 
formation  [36]. In the above mentioned cases, it is clearly shown that inclusion of H2 
is important for the growth of CNTs from C2H2 with high purity. It enhances the 
graphitization degree of the synthesized CNT and results in lower residual catalyst 
[141].   
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Figure 12: SEM micrographs represent the impact of H2 flow rate on CNTs 
grown on silver metal at temperature 700°C for 15 min. C2H2 flow rate is 75 
sccm with H2 flow rates 25 (upper) and 50 sccm (lower) 
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Figure 13: SEM micrographs represent the impact of H2 flow rate on CNTs 
grown on silver metal at temperature 700°C for 15 min. C2H2 flow rate is 
75 sccm with H2 flow rates 75 (upper) and 90 sccm (lower) 
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4.1.2 Effect of Temperature 
The growth temperature was varied from 600 to 800°C in order to investigate its impact 
on the CNTs grown on silver metal surface. Figure 14 and Figure 15 show that as the 
growth temperature increases, the CNTs/silver electrodes get better in term of both 
quality and surface coverage. At 600°C only amorphous carbon particles were formed. 
However, at 800°C, maximum amount of CNTs is obtained with least other carbon 
particles. Moreover, strong adherence to the surface was obtained which enhances the 
fabricated electrodes properties and keeps them stable for long periods of applications. 
The degree of crystalline perfection has increased with the growth temperature. This 
result is attributed to the increase of the diffusion rate of C atoms in the iron 
nanoparticles which allows the graphitic sheets to build with a less defect [58], which 
in turn leads to the increase of the metallic conductivity of the MWCNTs [37]. 
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Figure 14: SEM micrographs show CNTs growth on silver metal at 
temperatures: 600°C (upper) and 700°C (lower).  
C2H2: H2 flow rate ratio is 75:90 sccm. Reaction time is 20 min. 
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Figure 15: SEM micrographs show CNTs growth on silver metal at 
temperatures: 750°C (upper) and 800°C (lower).  
C2H2: H2 flow rate ratio is 75:90 sccm. Reaction time is 20 min. 
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4.1.3 Effect of Growth Time 
In this work, to fabricate a sensitive electrode, the surface coverage is considered as an 
important parameter. At short time (10min), CNTs cover parts of the metal while at a 
longer time (30 min) the surface is totally covered but amorphous carbon particles start 
to deposit on CNTs, as can be seen from Figure 16, which lead to reduce its degree of 
graphitization. These results agree with other previous ones  [142],  [143]. Formation 
of other carbon materials rather than CNTs can be attributed to the exhaustion of the 
catalyst with time  [144]. A time period of 20 min was found to be optimum time to 
achieve the required properties.  
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Figure 16: SEM micrographs show CNTs growth on silver metal at for a period 
of 10 min (upper) and 30 min (lower).  
C2H2: H2 flow rate ratio is 75:90 sccm. Reaction temperature is 800°C 
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4.2 Transmision Electron Microscopic Analysis 
Scanning electron microscopy of the carbon nanotubes grown on the silver metal 
revealed that they are multiwalled with inner and outer diameter of about 10 nm and 
less than 20 nm respectively as shown in Figure 17.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: TEM micrograph of multiwall carbon nanotube grown on the silver 
metal surface 
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4.3 Raman Study for the Crystallinity of the Grownn CNTs on Silver 
Metal 
Attempts to use Raman spectroscopy for purity assessment have relied upon D-band to 
G-band peaks ratio to deduce the purity level of CNTs. However, carbon impurities 
affect the intensity of these two peaks which may result in poor interpretation of the 
data when there is no reference available for the sake of comparison. So, G′-band peak 
(̴ 2700 cm−1) may represent a more accurate measurement of MWNT quality or purity, 
since it is dramatically enhanced by carbon nanotubes  [58]. D-band (̴1350cm-1) is due 
to the distorted sp2 carbon of non-nanotube graphitic components and indicates the 
presence of impurities  [145].   
Here, Raman spectra using the 632.8 nm line of a He-Ne laser for CNTs grown on the 
surface of silver metal at different temperatures are shown in Figure 18 in order to 
confirm the effect of changing conditions on the quality of the grown CNTs in terms of 
purity and graphitization. At 700°C, the D-band peak at ̴ 1325 cm-1 is of high intensity 
compare to the G-band one at ̴ 1580 cm-1 while no significant peak around 2655 cm-1. 
Increasing growth temperature to 750 and 800°C revealed an enhancement of G′-band 
at ̴2655cm-1 and decrease in the D-peak intensity indicating the formation of CNTs with 
well graphitization with the least amount of other carbon species. Despite this, even at 
the optimum conditions there was either some defect in the graphitization of the CNTs 
or presence of impurities. The incearse of the degree of the graphitization leads to a 
decrease in resistivity and increase in the metallic conductivity of the multiwalled 
carbon nanotube [37] which is highly required for  electrodes.    
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Figure 18: Raman spectra for the surface of the CNTs/silver electrode prepared by CVD at 
temperatures: 700 (a) 750°C (b) and 800°C (c). C2H2: H2 flow rate ratio is 75:90 sccm. 
Reaction time is 20 min. 
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5 CHAPTER 5 
RESULTS AND DICUSSION (II) 
5.1 Applications of the Prepared Ag/CNTs Electrodes in Zero 
Current  Potentiometric Titrations 
5.1.1 Titration of Ascorbic Acid with Potassium Iodate 
Ag/CNTs electrodes were successfully applied and showed excellent response as an 
indicator electrode to the normal potentiometric titration. Different concentrations of 
ascorbic acid, in 20ml of 0.1mol/L sulfuric acid, were titrated with potassium iodate. 
Figure 19 and Figure 20 exhibit the change in potential, during the addition of iodate 
ions, against silver/silver chloride reference electrode along with the first derivative 
curve. The plots obtained have a standard sigmoidal shape with a sharp break point 
demonstrating the expected stoichiometry.  
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Figure 19: potentiometric titration curve and its first derivative for 
titration of 2.0 ml of 0.02 mol/L ascorbic acid with 0.01 mol/L 
potassium iodate in 20 ml of 0.1mol/L sulfuric acid 
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Figure 20: potentiometric titration curve and its first derivative for 
titration of 0.50 ml of 0.02 mol/L ascorbic acid with 0.01 mol/L 
potassium iodate (upper) and 0.40 ml of 0.01 mol/L ascorbic acid with 
8.0×10-4 mol/L potassium iodate (lower), in 20 ml of 0.1mol/L sulfuric 
acid 
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5.1.2 Titration of Calcium Ions with EDTA 
Calcium ions were titrated against standard EDTA solutions in borate buffer (pH 9.5) 
in the presence of trace silver ions, Ag+, using Ag/CNTs as a working electrode. The 
potential of the working electrode was measured during the titration against the 
standard silver/silver chloride reference electrode. Different concentrations of calcium 
ions were titrated. The zero – current potentiometric curves have shown the S shape 
and the end point was located by finding the first derivative of these curves as shown 
in Figure 21.  
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Figure 21: potentiometric titration curves (upper) and their first derivatives 
(lower) for titration of 20ml of Ca+2 with of 10-fold more concentrated EDTA, 
at pH 10 
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5.1.3 Titration of Chloride Ions with Silver nitrate 
The prepared Ag/CNTs electrode has used in potentiometric titrations of chloride with 
silver ions in aqueous solutions. The potential of the working electrode was recorded 
against the silver – silver chloride reference electrode. The end point of the titration was 
located for different concentration of chloride. The potentiometric curves obtained have 
the standard S shape and the first derivative curves were obtained for the ease of end 
point location as they are shown in Figure 22.                                . 
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Figure 22: potentiometric titration curves (upper) and their first derivatives 
(lower) for titration of 20ml of Cl-, in 0.1mol/L of KNO3, with of 10-fold more 
concentrated silver nitrate 
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6 CHAPTER 6 
RESULTS AND DICUSSION (III) 
6.1 Applications of the Prepared Ag/CNTs Electrodes in Mark-Space 
DEP Titrations 
6.1.1 Determination of Ascorbic Acid 
The prepared Ag/CNTs electrodes have revealed an excellent performance in the DEP 
oxidation – reduction determination of ascorbic acid. They have shown fast response 
and good sensitivity which can be attributed to the CNTs coating that facilitate 
interfacial electron transfer. 
Effect of Bias and Concentration change 
A solution of 2.00x×10-3 mol.L-1 of ascorbic acid in 0.1 mol.L-1 sulfuric acid was titrated 
with 1.00×10-2 mol.L-1 potassium iodate using the prepared electrodes polarized by 
different biases ranging from 0 – 20% to find the optimum bias in terms of peak 
intensity and shape. From the bias optimization, Figure 23, no significant change in the 
differential peak shape or intensity was obtained. However, a bias of 10% was found to 
be the best. Different concentrations of standard ascorbic acid were then titrated using 
the optimum bias conditions. It was found that the peaks become broader as the 
concentration of ascorbic acid decreases, Figure 24. 
DEP Titration Method Validation 
Method validation is a process of proving that an analytical method is acceptable for its 
intended purpose. In pharmaceutical chemistry, method validation requirements for 
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regulatory submission include studies of method specificity, linearity, accuracy, 
precision, range, limit of detection, limit of quantitation, and robustness  [146]. 
Linearity 
A standard calibration curve was established with standard ascorbic acid solutions 
containing 4.00×10-2, 1.00×10-2, 2.00×10-3, 1.00×10-3 and 5.00×10-4 mmole. Triplicate 
titrations were performed for each calibration point. The linear regression line between 
the amounts of ascorbic acid added and the amounts measured was obtained using 
Microsoft Excel while Origin Pro 8 software was employed to locate end points from 
peaks maxima. The linear regression analysis showed an excellent linearity in terms of  
the square of the correlation coefficient, R2, and the y-intercept, Figure 25,  [146] and 
its linear range covers the concentration of the analyte normally found in food and drug 
samples. Table 1 shows the analytical data.  
Precision and Accuracy 
Intra-assay and instrument precision were evaluated by analyzing aliquots of standard 
ascorbic acid solutions for three times. The method showed good reproducibility 
expressed in term of percent coefficient of variation, CV (%) and also showed high 
accuracy and recovered good percentage of the standard analyte spiked, Table 1. 
The same standard ascorbic acid solutions were analyzed by a normal titration against 
standardized 0.0466 mol.L-1 iodine solution using starch indicator, according to the 
USP [139],  in order to compare with DEP titration for validation. The results obtained, 
Table 1, agree fairly well with those obtained by DEP titrations.  
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Figure 23: Effect of bias change on the DEP peak intensity for 
ascorbic acid (0.02 mol.L-1) in 0.1 mol.L-1 H2SO4 titrated with 
potassium iodate solution. 
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Figure 25: Standard calibration curve of m.s.b DEP titration of ascorbic acid with 
potassium iodate. 
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Table 1: Analytical parameters for DEP determination of ascorbic acid in 0.1 mol.L-1 sulfuric acid by Ag/CNTs electrodes and comparison against reference 
iodimetric titration. The number of measurements is 3  
 
 
 
 
Ascorbic acid  
spiked (mmole) 
DEP Titration method Iodimetric Titration method 
Ascorbic acid  
detected (mmole) 
 
Recovery (%) 
 
RSD (%) 
Calibration parameters Ascorbic acid  
detected 
(mmole) 
Relative  
error (%) 
Slope y-
intercept 
R2 
4.00×10-2 4.06×10-2 101.4 2.6  
 
0.996 
 
 
5.00×10-5 
 
 
0.996 
3.93x10-2 3.2 
1.00×10-2 1.03×10-2 103.1 2.4 9.73×10-3 4.4 
2.00×10-3 2.04×10-3 102.0 2.9 1.98×10-3 3.0 
1.00×10-3 1.04×10-3 103.9 4.2 1.01×10-3 2.8 
5.00×10-4 4.83×10-4 96.7 3.7 5.05×10-4 -4.4 
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Determination of ascorbic Acid in Real Samples 
(a) In Baobab Fruit 
Because of the complex chemical composition of Baobab fruit pulp  [118], and in order 
to perform the analysis of ascorbic acid with minimum interference effect from matrix, 
the standard addition calibration method was applied. The amounts of analyte spiked 
into sample solutions were 2.00×10-3, 1.00×10-2, 5.00x×10-2 and 1.00×10-1 mmol. DEP 
titration peaks, Figure 26, were obtained from which an excellent linear relation was 
established as in Figure 27. Other analytical data are shown in Table 2. 
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Figure 26: DEP titration peaks for the standard addition calibration for ascorbic acid in 
Baobab fruits against 0.01mol.L-1 potassium iodate. 
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Figure 27: Standard addition calibration for DEP titration of ascorbic acid in Baobab fruits 
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(b) In Drug Formulation  
Ascorbic acid content in Redoxon® tablets was successfully determined by this 
method as shown in Figure 28. Other data are shown in Table 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28: DEP peak for ascorbic acid in Redoxon, titrated with 
0.01mol.L-1 potassium iodate. 
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Table 2: Analytical parameters for DEP determination of ascorbic acid in Baobab fruit pulp and in Redoxon tablets by Ag/CNTs electrodes. 
 
 
 
 
 
 
 
 
 
Sample 
 
Sample mass (g) 
Ascorbic acid 
spiked (mmole) 
Expected amount 
of ascorbic acid 
Detected amount 
of ascorbic acid 
Calibration parameters 
Slope y-intercept R2 
 
Baobab fruit powder 
 
2.05 
0.00 
 
300mg/100g 
 
279mg/100g 
 
33.93 
 
1.09 
 
0.999 
2.00×10-3 
1.00×10-2 
5.00×10-2 
1.00×10-1 
Redoxon® tablets 0.032 0.00 1000mg/tablet 1040mg/tablet - 
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6.1.2 Determination of Lead (II) 
Effect of Bias and Concentration change 
Different biases ranging from 0 – 30% were applied to a solution of 5.00×10-3 Pb+2 in 
20 ml acetate buffer (pH 5.5) and titrated against 5.00×10-2 EDTA. The results obtained 
revealed that as the % bias increases, the DEP intensity increases, without symmetry 
loss in the peak shape, up to 20%. However, beyond 20% the peaks tend to be broad, 
as depicted in Figure 29 which is not good when very dilute solutions are analyzed. So 
a percentage bias of 20% was selected as an optimum bias for this kind of 
determination. 
Optimum bias was applied to titrate other dilute concentration of Pb+2 under the same 
conditions. Figure 30 exhibits the DEP titration peaks for different concentrations of 
Pb+2. Titration end points obtained demonstrate the expected reaction stoichiometry 
between metal ions and EDTA. 
Lead (II) ions in aqueous solutions have been successfully determined through back 
titration of the excess EDTA with standard Ca+2 in borate buffer (pH 9.2). This 
technique is usually employed when the reaction is slow. Figure 31 exhibits the DEP 
curves for the titration of excess EDTA with Ca+2. 
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Figure 29: Effect of bias change on the DEP peak for 5.00x10-3 mol.L-1 
Pb+2 titrated with 5.00×10-3  mol.L-1 EDTA in pH 5.5 (acetate buffer) 
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Figure 30: DEP titration curves for 2.00 ml of different concentrations of Pb+2: 1.00×10-2 
(a), 5.00×10-4 (b), 5.00×10-5 (c) and 1.00×10-5 mol/L (d) against EDTA of 10-fold 
concentration   
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Figure 31: DEP curves for determination of Pb+2 by addition excess EDTA and back titration 
with Ca+2 at pH 9.2 (borate buffer). Pb+2 amount is shown on the plot. Amount of EDTA added 
and concentrations of Ca+2 as titrant are respectively: 0.25 mmol, 0.05 mol/L (upper left), 
0.025 mmol, 0.005 mol/L (upper right) and 0.0025 mmol, 0.0005 mol/L (lower). Total volume 
in titration vessel ranges between 20.9 and 26.7 ml. 
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DEP Titration Method Validation 
Linearity 
A standard calibration curve was established with standard Pb+2. Triplicate titrations 
were performed for each calibration point. The linear regression line between the 
concentrations of Pb+2 added and concentrations measured was obtained using 
Microsoft Excel while Origin Pro 8 software was employed to locate the end points 
from peaks maxima. The linear regression analysis exhibited excellent linearity in terms 
of  the square of the correlation coefficient, R2, and the y-intercept, Figure 32,  [146] 
and its linear range covered the concentrations 1.00×10-2 to 5.00×10-5 mol/L. Table 3 
shows other analytical data.  
Precision and Accuracy 
Intra-assay and instrument precision were evaluated by analyzing aliquots of standard 
Pb+2 solutions for three times. The method showed good reproducibility expressed in 
terms of percent coefficient of variation, CV (%) with good accuracy and good 
percentage recovery of the standard analyte spiked, Table 3. 
The same standard Pb+2 solutions were analyzed by atomic absorption spectrometry in 
order to compare the results obtained with DEP titrations for validation. The results 
obtained, Table 3, were in agreement with the data obtained by DEP titrations. 
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Figure 32: Standard calibration curve of DEP titration of lead (II) against EDTA in 
acetate buffer (pH 5.5) 
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Table 3: Analytical parameters for DEP determination of lead (II) in 0.1 mol.L-1 acetate buffer (pH 5.5) by Ag/CNTs electrodes and comparison against reference 
atomic absorption spectrometry. The number of measurements is 3 
 
 
 
 
 
 
 
 
 
 
 
 
Pb (II) added 
(mol/L) 
DEP Titration method AAS method 
Pb (II) detected 
(mol/L) 
 
Recovery (%) 
 
RSD (%) Calibration parameters Pb (II) detected 
(mmol/L) 
Relative  
error (%) 
Slope y-intercept R2 
1.00×10-2 1.06×10-2 106.0 2.4  
 
1.06 
 
 
5.00×10-5 
 
 
0.998 
1.02×10-2 3.9 
5.00×10-3 4.93×10-3 98.6 2.9 4.76×10-3 3.6 
5.00×10-4 5.09×10-4 101.8 3.5 4.83×10-4 5.4 
5.00×10-5 5.21×10-5 104.2 3.2 4.85×10-5 7.4 
1.00×10-5 1.09×10-5 109.0 5.1 9.81×10-5 11.1 
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The Life Time of the Prepared Ag/CNTs Electrode  
The lifetime of the fabricated CNT/Ag electrodes was evaluated for a period of 11 
weeks through a DEP titration of 5.00×10-3 Pb+2 with EDTE in pH 5.5. During this 
period they were used to perform about 60 titrations. Figure 33 indicates the stability 
of the electrodes for long time and the successful use without any deterioration of the 
response or shift in the peak location during this period.  
 
 
 
Figure 33: Response of CNT/Ag with time for DEP titration of 5.00×10-3 mol/L 
Pb+2 with EDTA at pH 5.5 
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6.1.3 Determination of Cyanide 
Silver ions form a complex with the free cyanide (Eq. 1). Once all the free cyanide has 
been complexed with silver, further addition of silver ions then results in the precipitation 
of silver cyanide (Eq. 2). So in the potentiometric titration of free cyanide ions with silver 
ions, two end–points appear [188].  
𝐴𝑔+ + 2𝐶𝑁− → 𝐴𝑔(𝐶𝑁)2
−                    𝐸𝑞. 1 
𝐴𝑔+ + 𝐴𝑔(𝐶𝑁)2
− → 2𝐴𝑔𝐶𝑁                 𝐸𝑞. 2  
The first peak represent the complex formation and the second one corresponds to the 
precipitate formation. It was noticed that the increasing of the value of the polarizing direct 
current shifts the location of the first peak and the intensity of the second one was decreased 
as shown in Figure 34. 
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Figure 34: dc effect on the DEP curve for 5.00mL of 2.00x10-2mol.L-1 
CN-, in 20mL of 0.1 mol.L-1 KNO3, titrated with 5.00×10-2 mol.L-1 
silver nitrate. 
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Figure 35: dc DEP curves of different concentration of CN- in 0.1 mol.L-1 
KNO3 titrated with silver nitrate solutions at current density of 10µAcm-2 
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Figure 36: Effect of % bias change on the DEP curves intensity for 5.00 mL 
of 2.00x10-2 mol.L-1 CN-, in 20 mL of 0.1 mol.L-1 KNO3, titrated with 
5.00×10-2 mol.L-1 silver nitrate. 
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Figure 37: m. s. b. DEP titration curves of 5.00 mL of cyanide ions in 20 mL of 0.1 mol/L potassium nitrate. 
(1) 2.00×10-2 mol/L of CN- titrated with 5.00×10-2 Ag+ (upper left), (2) 8.00×10-3 mol/L of CN- titrated with 
2.00×10-2 Ag+ (upper right) and (3) 8.00×10-4 mol/L of CN- titrated with 2.00×10-3 Ag+ (lower) 
 
 
-70
50
170
290
0.00 1.00 2.00 3.00
Δ
E/
m
V
Volume of silver nitrate/mL
-50
50
150
250
350
0.00 1.00 2.00 3.00
Δ
E/
m
V
Volume of silver nitrate/mL
100
200
300
400
0.00 1.00 2.00 3.00
Δ
E/
m
V
Volume of silver nitrate/mL
92 
 
 
 
 
 
                   
 
Figure 38: m. s. b. DEP titration curves of 5.00 mL of cyanide ions in 20 mL of 0.1 mol/L potassium 
nitrate. (1) 8.00×10-5 mol/L of CN- titrated with 2.00×10-4 Ag+ (left) and (2) 2.00×10-5 mol/L of 
CN- titrated with 5.00×10-5 Ag+ (right)
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6.1.4 Acid Base Titration 
The Ag/CNTs electrodes were used as an indicating system in the titration of hydrochloric 
acid with sodium hydroxide. It was found that low values of the percentage of the bias 
produce symmetrical and sharp peaks. Therefore, the location of the end point can be 
determined accurately as shown in Figure 39 and Figure 40. So, beyond the value of 20%, 
the peaks were unsymmetrical, broad and the end point was not accurate, Figure 41 and 
Figure 42. The optimum % bias was applied to perform a titration at lower concentration 
Figure 43.   
94 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-25
-5
15
35
55
75
95
1.30 1.80 2.30 2.80
Δ
E/
m
V
Volume of Titrant/ml
Figure 39: m.s.b DEP titration peak for 2.00ml of hydrochloric 
acid (5.91×10-2 mol/L) vs sodium hydroxide (5.42×10-2 mol/L) 
at 0% bias  
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Figure 40: m.s.b DEP titration peak for 2.00ml of hydrochloric acid 
(5.91×10-2 mol/L) vs sodium hydroxide (5.42×10-2 mol/L) at 20% 
bias  
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Figure 41: m.s.b DEP titration peak for 2.00ml of hydrochloric 
acid (5.91×10-2 mol/L) vs sodium hydroxide (5.42×10-2 mol/L) at 
40% bias 
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Figure 42: m.s.b DEP titration peak for 2.00ml of hydrochloric 
acid (5.91×10-2 mol/L) vs sodium hydroxide (5.42×10-2 mol/L) at 
60% bias 
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Figure 43: m.s.b DEP titration peak for 2.00ml of hydrochloric acid 
(1.18×10-2 mol/L) vs sodium hydroxide (1.08×10-2 mol/L) at 20% bias 
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6.1.5 Determination of Chloride 
DC-DEP Titrations 
The most important parameter to be optimized here is the current density. Different values 
ranging from 2 – 20 μA/cm2 were examined. Results revealed that no differential curve is 
obtained at low values while at high ones the curve becomes broad and asymmetric. 15 
μA/cm2 was selected as the optimum value as Figure 44 illustrates. Differential curves for 
different chloride ion concentrations are shown in Figure 45 and the least concentration 
detected and quantified was 2.5x10-4 mol. dm-3. More details are given table1.  
Mark-Space Biased DEP Titration 
Here, a square waveform polarizes the indicating electrodes.  The time bias was varied in 
the range 0 – 80 %. Differential curve symmetry and sharpness along with peak height 
were improved by raising the %bias up to 60% as in Figure 46. However, beyond that, peak 
broadness increases. Relation between the chloride concentration and shape of the 
differential curve was depicted in Figure 47. The minimum concentration quantified was 
2.5x10-5 which is 10 times less than that in DC case, Table 4. 
 
 
 
100 
 
 
 
 
 
 
  
 
 
 
-25
50
125
200
275
0.00 1.00 2.00 3.00 4.00
Δ
E/
m
V
Titrant Volume/ml
2 μA
5 μA
10 μA
15μA
20μA
Figure 44: Effect of current densities for titration of 20 ml 
of 2.5x10-3 mol/L of chloride in 0.1 mol/L KNO3, with 
0.025 mol/L silver nitrate. 
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Figure 45: Titration of 20 ml of different concentrations of 
chloride in 0.1 mol/L KNO3, with 10-fold more 
concentrated silver nitrate at current density 15 μA/cm2 
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Figure 46: Effect of % time bias on the shape of the curve. 
Titration of 20 ml of 2.5x10-3 mol/L chloride in 0.1 mol/L KNO3, 
with 0.025 mol/L silver nitrate.  
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Figure 47: Titration of 20 ml of different chloride 
concentrations, in 0.1 mol/L KNO3, with 10-fold more 
concentrated silver nitrate at 60% bias 
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Table 4: Results obtained by DEP titration of chloride ions with silver ions using CNTs 
modified silver electrodes 
 
Type of potentiometry 
conc. of Cl- quantified  
% recovery + %RSD 
(n=5) 
mol/L ppm 
Normal potentiometry 5.0 x10-4 18.0 99.3 ± 1.1 
Direct current DEP 2.5x10-4 9.0 98.6 ± 0.6 
Time biased square wave DEP 
5.0x10-5 1.8 99.4 ± 1.0 
2.5x10-5 0.9 98.8 ± 2.9 
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6.2 Applications of the Ag/CNTs Electrodes with Both Direct Current 
and Mark-Space DEP as a Detector in FIA 
6.2.1 Determination of Ciprofloxacin 
DEP technique with both dc and m.s.b polarization has been applied successfully as a 
detection system in a FIA system for the determination of ciprofloxacin hydrochloride 
using Ag/CNTs electrodes. 
Effect of Current Density and Square Wave Bias 
The Ag/CNTs indicator electrodes were polarized by a dc current and by a time biased 
square wave. The effect of increasing current density on the signal strength is shown in 
Figure 48 and Figure 49. It was found that the signal increases as the current density 
increases. However, beyond a current density of 20 µA/cm2, the resulting peaks are broad. 
Figure 48 and Figure 49 show the FIA peaks at certain current densities while the effect of 
different current densities on the values of the measured DEP potential is shown in Figure 
50 from which the optimum current density was selected. 
Polarization with a time biased square wave has shown that the value of the potential 
difference (∆E) increases as the percentage of the bias increased as shown in Figure 51. 
Figure 52 shows that a bias of 70% produced a potential signal less than a bias of 50%. 
From Figure 53, it clear that the optimum response is at a bias of 40%. Below this value, 
peaks of low heights were obtained while beyond it, the height decreased rather than 
increase. 
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Figure 48: FIA triplicates of 5.0×10-1 mmol/L of CFX at current density 
10.5µA/cm2 (upper) and 21µA/cm2 (lower). 
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Figure 49: FIA triplicates of a solution of 5.0×10-1 mmol/L of CFX at 
current density 31.6µA/cm2  
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Figure 50: Effect of current density on the FIA–DEP potantial values 
of 5.0×10-1 mmol/L of CFX solution 
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Figure 51: FIA triplicates of a solution of 5.0×10-1 mmol/L of CFX at a 
time bias of 10% (upper) and 50% (lower). 
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Figure 52: FIA triplicates of a solution of 5.0×10-1 mmol/L of CFX at a 
time bias of 70%. 
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Figure 53: Effect of the % bias on the FIA–DEP signal of 5.0×10-1 
mmol/L of CFX solution 
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Effect of the Flow Rate 
The flow rate is one of the most important parameters to be optimized in FIA because the 
dispersion of the analyte in the reagent stream depends on it this parameter. 
In case of both dc DEP and m.s.b DEP during for the determination of CFX, no significant 
change in the potential signal was noted when a flow rate of the iron (III) solution closed 
to 90µL/sec was applied as is shown in  Figure 54. 
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Figure 54: The effect of the flow rate of iron (III) solution on the 
potential values for both types of polarization; d.c DEP (upper) and 
m.s.b DEP (lower).   
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Effect of Nitric Acid Concentration 
Nitric acid was used as carrier/supporting electrolyte and also to provide the suitable pH 
for the complexation between the iron (III) and CFX. Different concentrations of nitric acid 
in the range of 1 – 250 mmol/L were tested. No significant change in the potential 
difference (∆E) was noticed in range of 1 – 25 mmol/L for both d.c. and m.s.b DEP. At a 
higher concentration, 250 mmol/L, appreciable decrease in the potential signal has taken 
place. This decrease in the potential value may be attributed to the decrease of the stability 
of the complex or to the formation of the complex in another ratio. The effect of the pH on 
the complexation reaction is sown in Figure 55.                                                  .
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Figure 55: The effect of nitric acid concentration on the potential signal 
for CFX complexation with iron (III). d.c DEP (upper) and m.s.b DEP 
(lower) 
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Analytical Appraisals  
The dc DEP and m.s.b DEP methods were calibrated by triplicate running of a series of 
standard solutions of CFX at the optimum conditions obtained. CFX was determined in 
the concentration range of 0.06 – 1 mmol/L. Good linear relationship was obtained for 
both techniques. The m.s.b DEP method was found to be more sensitive than the dc 
DEP one. This increase in the sensitivity when using a biased square wave is attributed 
to the continuous reversing of the signal that prevents buildup of films on the electrode 
surface which keeps the electrodes fully active for long periods of time [17]. Figure 56 
and Figure 57 show the dc and m.s.b DEP calibrations respectively.  Analytical data 
are given in                        Table 5.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
117 
 
 
 
 
 
  
 
 
 
 
 
0
20
40
60
80
100
120
0 100 200 300 400 500 600
∆
E 
(m
V
)
Time (sec)
0
25
50
75
100
0.00 0.20 0.40 0.60 0.80 1.00 1.20
∆
E 
(m
V
)
Concentration of ascorbic acid (mmol/L)
Figure 56: FIA triplicates of d.c-DEP peaks for CFX standard solutions 0.06, 0.20, 
0.50, 0.75 and 1.00 mmol/L (upper) and the calibration curve (lower). 
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Figure 57: FIA triplicates of m.s.b-DEP peaks for CFX standard solutions 0.06, 
0.20, 0.50, 0.75 and 1.00 mmol/L (upper) and the calibration curve (lower). 
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                       Table 5: Analytical parameters for FIA – DEP determination of ciprofloxacin by Ag/CNTs electrodes for triplicate measurements 
 
 
 
 
 
CFX conc. 
(mmol/L) 
d.c – DEP  m.s.b – DEP  
%RSD Slope y-intercept R2 %RSD Slope y-intercept R2 
0.06 2.4 86.5 19.1 0.994 
3.0 
 
139.0 27.5 0.998 
0.20 2.2 
  
 2.5 
0.50 2.3 1.2 
0.75 1.2 2.1 
1.00 1.6 0.8 
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6.2.2 Determination of Ascorbic Acid 
Both dc DEP and m.s.b DEP techniques have been applied successfully as a detection 
system using FIA for the analysis of ascorbic acid. The reagent used was potassium iodate. 
Ascorbic acid reacts with potassium iodate according to the following equation: 
𝐾𝐼𝑂3 + 3𝐶6𝐻8𝑂6  → 3𝐶6𝐻6𝑂6 + 𝐼
− + 3𝐻2𝑂 
Effect of Current Density and Square Wave Bias 
The Ag/CNTs indicator electrodes were polarized by a dc current and by a time biased 
square wave. Figure 62 shows the effect of increasing the current density on the signal 
strength. It was found that the signal increases as the current density increases. However, 
not only the peak height is considered in this regard, the peak shape is also an important 
factor. Beyond 42 µA/cm2 the peaks start to broaden with less significant increase in the 
height, so, this value of the current density was considered to be optimum, Figure 58 and 
Figure 59. 
In case of mark–space bias polarization, a 20% bias, Figure 60, was found to be an optimum 
value. Below this value, Figure 61, the peak height was low. Beyond this value, no increase 
in the peak intensity was observed, Figure 62. 
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Figure 58: FIA triplicates of a solution of 2.8×10-1 mmol/L of ascorbic 
acid at current density of 21µA/cm2.  
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Figure 59: FIA triplicates of a solution of 2.8×10-1 mmol/L of ascorbic 
acid at current density of 63µA/cm2. 
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Figure 60: FIA triplicates of a solution of 2.8×10-1 mmol/L of ascorbic 
acid at a time bias of 10%. 
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Figure 61: FIA triplicates of a solution of 2.8×10-1 mmol/L of ascorbic 
acid at a time bias of 20% 
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Figure 62: Effect of different current densities (upper) % bias (lower) 
on the FIA – DEP peaks of 2.8×10-1 mmol/L of ascorbic acid. 
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Effect of the Flow Rate 
One of the most important parameters to be studied in FIA is the flow rate. The analyte 
dispersion consequently and its reaction with the reagent depends on the flow rate in 
addition to other parameters and hence the signal strength.  
For both dc DEP and m.s.b DEP as a detection techniques in FIA system for ascorbic acid 
determination, the optimum KIO3 flow rate was in the range of 75 – 90 µL/sec as shown 
in Figure 63. Below this range, the decrease in the potential signal is attributed to less 
sample dispersion and less amount of product. Beyond this range, increasing of the flow 
rate may allow the solution components to reach the flow through detector in a shorter time 
before appreciable amounts react. 
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Figure 63: Effect of the flow rate on the DEP peak height for both types 
of polarization; dc (upper) and m.s.b (lower). 
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Analytical Appraisals  
The dc DEP and m.s.b DEP methods were calibrated by triplicate running of series of 
standard solutions of ascorbic acid by applying the optimum conditions. Ascorbic acid was 
determined in the concentration range of 0.06 – 0.85 mmol/L. Good linear relationship was 
obtained for both types of polarization, in terms of the square of the correlation coefficient 
as depicted in . The m.s.b DEP method was found to be more sensitive than the dc DEP 
one. This increase in the sensitivity can be attributed to the continuous reversing of the 
signal that prevents buildup of films on the electrode surface which keeps the electrodes 
fully active for long periods of time[17]. Analytical parameters are given in                            
Table 6.    
Application 
Both methods were applied for the determination of ascorbic acid in vitamin C and in 
Baobab fruit. The results of analysis were compared with that of the same batch of samples 
with the USP method [139]. Analytical data are given in                            Table 6. 
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Figure 64: d.c-DEP – FIA triplicates (upper) and the calibration (lower) of 
ascorbic acid ascorbic   acid standard solutions (0.06, 0.14, 0.28, 0.51 and 0.85 
mmol/L) at the optimum conditions. 
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Figure 65: m.s.b-DEP – FIA triplicates (upper) and the calibration (lower) of 
ascorbic acid ascorbic acid standard solutions (0.06, 0.14, 0.28, 0.51 and 0.85 
mmol/L) at the optimum conditions. 
131 
 
                           Table 6: Analytical parameters for FIA – DEP determination of ascorbic acid by Ag/CNTs electrodes for triplicate measurements  
 
 
 
 
 
 
 
 
 
Ascorbic acid  
conc. (mmol/L) 
d.c – DEP  m.s.b – DEP  
%RSD Slope y-intercept R2 %RSD Slope y-intercept R2 
0.06 3.9 315.8 61.2 0.996 3.0 527.9 63.1 0.998 
0.14 2.7 
  
 2.2 
0.28 1.1 1.2 
0.51 1.5 1.5 
0.85 1.9 1.3 
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CONCLUSION  
 
Carbon nanotubes (CNTs) have been successfully grown on the surface of silver wire 
in a chemical vapor deposition reactor through the thermal decomposition of acetylene 
gas and in the presence of ferrocene as a catalyst source and hydrogen gas. Both 
acetylene and hydrogen flow rates, carbon nanotubes growth temperature and growth 
time were optimized. The CNTs grown on the surface of silver wire were characterized 
by scanning electron microscopy, Raman spectrometry and transmission electron 
microscopy. The surface was completely covered with a well graphitized CNTs. 
The silver wires coated with CNTs have been polarized be a mark space – biased square 
wave and used as indicating systems in the differential electrolytic potentiometric 
titrations, DEP, for the determination of different analytes. These electrodes have been 
found to work in different types of ion – combination reactions in addition to the 
oxidation – reduction reactions. They succeed to detect accurately the end points for 
the different titrations. The prepared electrodes have shown high sensitivity, low 
detection limit, fast response and high stability for long time. 
The prepared electrodes have been also used as indicating system in the flow injection 
analysis for the determination of some drugs. They were polarized with both direct 
current and time biased square wave. The results obtained showed good linearity, high 
precision and low detection limit. The polarization with a biased square wave revealed 
higher sensitivity than the one with direct current in all analyses. 
These electrodes can be considered as universal detection systems in the DEP 
techniques.     
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2. RECOMMENDATIONS 
 
For the future work, the following studies are recommended: 
 More investigation of the electrochemistry taking place at the Ag/CNTs 
electrodes surface to explain their ability to work in different types of reactions. 
 Since these electrodes have shown a good performance, they may be modified 
with other materials in order to make them selective toward specific analytes. 
 Investigation of these electrodes in the classical potentiometry, since the 
preliminary study revealed good results in this field. 
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